Index Terms-High-resolution positron emission tomography (PET) detectors, small animal PET.
I. INTRODUCTION
HE need for 1 mm image resolution for positron emission tomography (PET) is being driven by research in genetics (where the mouse is the main laboratory animal). Physically, spatial resolution is limited by positron range, noncollinearity of the photons, and the size of the resolution element of the detector system. However, the image resolution of the highest resolution scintillator-based PET system [1] is still limited by the size of the crystals (versus positron range or noncollinearity). In this paper, we investigate the decoding characteristics of detector modules built with 0.8 0.8 mm cross-section lutetium oxyorthosilicate (LSO) crystals [2] . We call our detectors the micro crystal element (MiCE) detectors.
II. MATERIALS AND METHODS

A. MiCE1
The MiCE1 detector unit was built with 0.8 0.8 6 mm mixed lutetium silicate (MLS) crystals. 1 The physical properties R. S. Miyaoka and T. K. Lewellen are with the Radiology Department, University of Washington, Seattle, WA 98195 USA (e-mail: rmiyaoka@u.washington.edu; tkldog@u.washington.edu).
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Publisher Item Identifier S 0018-9499(01)08649-X. of MLS are very similar to LSO and are listed together in Table I . Five sides of the crystals were polished; one 0.8 0.8 mm side was left unpolished and faced away from the PMT. Each detector unit consists of a 5 5 crystal array connected to a 64-channel PMT 2 via a 2 2 array of 2 2 mm cross-section optical fibers. The optical fibers were 6 cm long. The crystal of interaction is determined using simple ratio logic [3] . Light is shared within the crystal array to help facilitate decoding of the crystals. The design of the crystal-crystal interfaces for the detector unit is illustrated in Fig. 1 . Optical resin is used to allow light sharing along an interface. TFE Teflon, aluminum foil, and TiO paint are used as opaque reflectors. The inner 3 3 array of crystals was first wrapped with a single layer of TFE Teflon for optimum light collection efficiency. The aluminum foil was used to make the interface opaque while minimizing the spacing between neighboring crystals. TiO paint was used because it facilitated the construction of the detector unit. A full detector module will consist of a 4 4 array of optically isolated detector units coupled to a 64-channel PMT. A sample detector unit is illustrated in Fig. 2 . Crystal maps and energy spectra were produced using signals from either four or 12 channels of the PMT, as shown in Fig. 3 . Only four channels were directly coupled to each detector unit. Signals from the neighboring channels were due to light sharing within the entrance window of the PMT. Data were collected with the detector unit coupled to the PMT at two locations: 1) the central four channels of the PMT and 2) a set of four channels at the corner of the PMT. When the detector unit was coupled to 2 Hamamatsu, R5900-00-M64. the corner of the PMT, only the four channels directly coupled to the detector unit were used to generate the crystal maps.
Crystal maps were made using simple ratio logic. Gain balancing between channels was done in software and values were initially based upon channel gain values provided by the factory. Gains for the four channels directly coupled to the detector unit were further adjusted to align the photopeaks of the corner four crystals. Crystal maps were generated from singles data (i.e., not coincidence data) using a Ge point source. A program was written to determine the individual crystal boundaries within the crystal map. By binning the data in , , and energy, the energy spectra for each individual crystal could be acquired. The data used to look at the energy spectra characteristics of the detector unit were collected in coincidence using a Ge point source.
B. MiCE2
The MiCE2 detector was built with the same 0.8 0.8 6 mm MLS crystals. Our goal is to decode a 25 25 array of crystals using a 12 (6 6)-channel cross-plate anode PMT. 3 The advantages of using the R5900-00-C12 PMT versus the R5900-00-M64 are threefold.
1) The PMTs are less expensive.
2) For the same outer package size, the minimum effective area of the photocathode is larger (i.e., 22 versus 18 mm). 3) Because of the larger effective photocathode area, it may be feasible to couple the MLS crystals directly to the PMT and still have a minimal gap between detector modules when placed in a ring configuration. Methods to tightly pack crystal arrays while still keeping the crystals optically isolated were investigated. We are using a grid, illustrated in Fig. 4 , made of a highly reflective multilayer polymer material [4] to house the crystals. The grid illustrated can be used to construct a 24 24 crystal detector module. The mirror film was slotted, as illustrated in the figure, using an ultraviolet laser (i.e., solid-state tripled YAG laser with a wavelength of 355 nm). Properties of the mirror film material are listed in Table II . The grids were hand-assembled and took 90 3 Hamamatsu, R5900-00-C12. min to build. Once the grid was assembled, the MLS crystals were slid into the openings.
A 22 4 crystal detector module was assembled, illustrated in Fig. 5 . Each of the crystals was polished on five sides. The side facing away from the PMT was left unpolished. The size of the detector array was limited by the number of crystals we currently possess with the proper surface treatment. Once assembled, the detector array was directly coupled to a R5900-00-C12 PMT using BC-630 optical coupling grease. 4 The individual signals from the PMT were fed to a resistor network that produces four position signals ( , , , ). Crystal maps were produced using simple Anger style logic. Only singles data were collected (i.e., not coincidence data) using a Ge point source.
C. Simulation Studies
Detector system simulations were performed using the SimSET software package [5] . Extensions to the current release were added to allow full Monte Carlo tracking of photon interactions in the detector modules [6] . Events were positioned according to the weighted average of interactions in the detector block. The effects of positron range and photon noncollinearity were included in the simulations. The option to model coherent scatter was set to off.
The detector system consisted of 24 detector modules and had an inner ring diameter of 12.8 cm. The detector system was simulated as having 22% energy resolution and a 250-650 keV energy window. The data were binned into 256 by 400 distance-angle sinograms. Each distance bin was 0.2 mm. A pseudowobble was incorporated in the detector binning procedure to support the sinogram binning requirements [6] . Simulations were performed to determine the image resolution at different radial positions (0.1, 1.0, and 2.0 cm off-center) in the field of view (FOV). The two-dimensional direct and cross-slice data, containing the point source, were reconstructed using filtered back projection with a 0.4-mm ramp filter. The radial and tangential components of the reconstructed point sources were measured.
III. RESULTS AND DISCUSSION
A. MiCE1
A crystal map for the MiCE1 detector unit is shown in Fig. 6(a) . The map illustrated was formed using the 12-channel data with the detector unit coupled to the central four channels of the PMT. All 25 crystals are easily visualized using four or 12 channels of data. The profile of the bottom row of crystals is displayed in Fig. 6(b) . The average peak-to-valley ratio for the row of crystals is 5.3. The average peak-to-valley ratio for the same row of crystals using the four-channel data to generate the crystal map is 4.4 (not shown).
The composite energy spectrum for the full detector unit is shown in Fig. 7 . A sample energy spectrum for a specific crystal is illustrated in Fig. 8 . The energy resolution for the crystal shown is 20%. The range of energy resolutions for the crystals in the block is 20-27%, with most being around 21%.
The crystal map for the MiCE1 detector unit coupled to the corner of the PMT is illustrated in Fig. 9 . Again, all 25 crystals are easily visualized. The average peak-to-valley ratio for the bottom row of crystals is 4.8. The composite energy spectrum for the detector unit is illustrated in Fig. 10 . The range of energy resolutions for the individual crystals in the detector unit is 17 to 27%, with most crystals having an energy resolution of 21%.
B. MiCE2
A crystal map for the 22 4 MiCE2 detector array, with the long axis of the array along the -axis of the PMT, is illustrated in Fig. 11 . All 88 crystals are easily visualized. A profile through the lower row of crystals is illustrated in Fig. 12 . The average peak-to-valley ratio for the row of crystals is 4.1. All crystals were also easily visualized with the detector array positioned along the -axis (results not shown). The average peak-to-valley ratio for a column of crystals along the -axis is 4.7. The composite energy spectrum for all 88 crystals is shown in Fig. 13 . The photopeak of the energy spectrum is broadened because of differences in the light collection efficiency between crystals at the center and the edge of the PMT. Overall, the energy resolution for individual crystals is 16%. Energy spectra from two crystals are illustrated in Fig. 14 . The crystals were selected to illustrate the significant difference in light collection efficiency for crystals positioned near the center of the detector array and crystals positioned near the edge of the window of the PMT.
Similar results were collected with the detector array positioned along the -axis (results not shown).
C. Simulation Studies
Images of the reconstructed point source are illustrated in Fig. 15 . The radial and tangential image resolutions for a point source at 0.1, 1.0, and 2.0 cm from the center of the FOV are 0.8, 0.9, and 1.2 mm (radial) and 0.9, 0.9, and 0.9 mm (tangential), respectively.
The characteristic broadening of the radial response function for sources away from the center of the FOV is evident even when using 6-mm crystals. The effect should be small when imaging mice, where most of the structures of interest will be within 1 cm of the center of the FOV; however, it will begin to become noticeable if the system is used to image larger animals.
IV. CONCLUSION
Both MiCE designs work well and should be able to decode arrays using even smaller cross-section crystals. The average energy resolution for the MiCE1 detector unit was 21%. The average energy resolution for the MiCE2 detector unit was not determined; however, the energy resolution for many of the crystals looked at was better than the MiCE1 design. Because light collection efficiency was not a problem for either module, we are considering going to slightly longer crystals (e.g., 8 or 10 mm) to increase the detection sensitivity of our system. We are also planning to extend our MiCE2 design to work with the new flat-panel PMTs when they become available.
